Inherited mutations in BRCA1 and BRCA2 lead to significantly increased risks of breast and ovarian cancer. We used epidemiologic methods to evaluate the relative risks of breast cancer vs. ovarian cancer among women of Ashkenazi Jewish ancestry with inherited mutations in BRCA1 or BRCA2. The cancer of a family's index case (i.e., breast cancer vs. ovarian cancer) was significantly associated with site-specific risks of cancer in relatives known to carry mutations in BRCA1 or BRCA2. Specifically, breast cancer risks were higher among relatives of breast cancer index cases compared with relatives of ovarian cancer index cases [hazard ratio (HR) ‫؍‬ 3.0, P < 0.001 for BRCA1 carriers and HR ‫؍‬ 4.8, P ‫؍‬ 0.017 for BRCA2 carriers], and ovarian cancer risks were higher among relatives of ovarian cancer index cases compared with relatives of breast cancer index cases (HR ‫؍‬ 7.2, P ‫؍‬ 0.001 for BRCA1 carriers and HR ‫؍‬ 15.8, P ‫؍‬ 0.018 for BRCA2 carriers). Breast and ovarian cancer risks also increased with more recent year of birth. For each later decade of birth, risk increased 1.2-fold (P ‫؍‬ 0.03). Effects of cancer site of the index case and of birth cohort were independent. These results suggest that both genetic and nongenetic factors modify cancer risks among BRCA1 and BRCA2 mutation carriers, and that genetic modifiers and other familial factors may influence risk specifically for either breast or ovarian cancer.
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breast cancer ͉ ovarian cancer ͉ penetrance ͉ hereditary cancer I n the decade since BRCA1 (MIM 113705) and BRCA2 (MIM 600185) were identified as susceptibility genes for breast and ovarian cancer, testing of these genes has become part of clinical practice, and thousands of women worldwide have been identified as carriers of mutations in BRCA1 or BRCA2. Women with cancer-predisposing mutations are offered intensive surveillance for early cancer detection and͞or preventive measures. Although prevention of breast and ovarian cancer in carriers is highly effective, it primarily involves prophylactic surgery: oophorectomy and risk-reduction mastectomy (refs. 1 and 2 and reviewed in ref. 3) . In considering the best course of action for mutation carriers, it is essential to have accurate estimates of possible outcomes that include all genetic and nongenetic factors influencing risk.
Breast cancer risks associated with BRCA1 and BRCA2, and ovarian cancer risk associated with BRCA1, have been shown to be higher in more recent birth cohorts (4) (5) (6) . These secular (time) trends likely reflect nongenetic influences because risk changed within families among individuals with the same mutations. Meta-analysis further suggested that cancer risk among BRCA1 and BRCA2 carriers was influenced by the site of cancer (i.e., breast cancer or ovarian cancer) in the index case (5) . This observation suggested that genetic modifiers, alleles of genes other than BRCA1 or BRCA2, might affect outcome in carriers of BRCA1 or BRCA2 mutations.
The goal of this study was to investigate the influences of cancer site in the index case and of birth cohort on breast and ovarian cancer risks among BRCA1 and BRCA2 mutation carriers. We ascertained Ashkenazi Jewish index cases with breast and͞or ovarian cancer who carried one of the three mutations common in this population: BRCA1.185delAG, BRCA1.5382insC, or BRCA2.6174delT. We determined mutation status of all available relatives by molecular genetic testing. We compared breast cancer risks and ovarian cancer risks for women with BRCA1 or BRCA2 mutations ascertained through index cases with breast cancer vs. those ascertained through index cases with ovarian cancer. We also compared cancer risks among women with BRCA1or BRCA2 mutations of different birth cohorts.
Results
One of the three ancient Ashkenazi Jewish cancer-predisposing mutations in BRCA1 or BRCA2 was identified in 498 Israeli women with breast or ovarian cancer. All available adult female relatives of 312 cases were enrolled and genotyped, yielding 458 relatives with one of the three mutations: 233 BRCA1.185delAG, 80 BRCA1.5382insC, and 145 BRCA2.6174delT (Table 1) . These included 85 relatives of index cases ascertained through consecutive, hospital-based series of breast or ovarian cancer and 373 relatives of index cases ascertained at cancer genetics clinics.
Risks of breast or ovarian cancer to women with BRCA1 or BRCA2 mutations in the Israeli cohort were significantly associated with the cancer site in the index case. Ovarian cancer risk was higher among relatives of ovarian cancer index cases than among relatives of breast cancer index cases (hazard ratio (HR) ϭ 11.9, P Ͻ 0.001), controlling for year of birth, mutation, and method of ascertainment (consecutive series vs. clinic referral). Conversely, breast cancer risk was higher among relatives of breast cancer index cases than among relatives of ovarian cancer index cases (HR ϭ 3.1, P Ͻ 0.001), controlling for year of birth, mutation, and method of ascertainment.
We were concerned that an apparent effect of cancer site in the index case could be an artifact of ascertainment bias, if familial risk would more likely be recognized when cancer type was concordant among relatives. To address this issue, we used information from the New York Breast Cancer Study (NYBCS), in which all relatives were ascertained through an index case with breast cancer (4) . Of 107 families with BRCA1 or BRCA2 mutations in the NYBCS, 11 families included both breast cancer in the index case and ovarian cancer in the mother of the index case. Six of these 11 families (55%) included additional relatives with ovarian cancer. In contrast, among the 98 NYBCS families in which the index case's mother did not develop ovarian cancer, 14 families (14%) included additional relatives with ovarian cancer. Incidence of ovarian cancer in the NYBCS families was therefore associated with ovarian cancer in the mother (P ϭ 0.018). Clustering of ovarian cancer in a subset of NYBCS families, all of whom were ascertained for breast cancer, suggests that similar clustering in Israel was not likely to be an artifact of self-selection of ovarian cancer families. In subsequent analyses, data from Israel was analyzed with data from New York, controlling for country of residence (see Materials and Methods).
Cumulative risks of breast cancer, ovarian cancer, and cancer at either site for relatives with BRCA1 or BRCA2 mutations, stratified by gene and cancer site of the index case, are shown in Fig. 1 . Combined risks of developing either breast or ovarian cancer did not differ by cancer site of the index case. By age 75, combined cancer risk for BRCA1 carriers was 0.87 (SE 0.03) among relatives of breast cancer index cases and 0.87 (SE 0.08) among relatives of ovarian cancer index cases, and for BRCA2 carriers combined risks were 0.78 (SE 0.08) and 0.88 (SE 0.10), respectively. (Note that these risks do not reflect populationbased penetrances, because this cohort includes families ascertained both by means of consecutive series and through clinic referrals.)
However, cancer site-specific risks differed significantly for relatives of breast cancer patients vs. relatives of ovarian cancer patients ( Fig. 1 ). Ovarian cancer risks were higher among relatives of index cases with ovarian cancer, and breast cancer risks were higher among relatives of index cases with breast cancer. Cancer risk in carriers reflected a complex interaction between cancer site of the index case and the age of the woman at risk. Before age 50, all mutation carriers, regardless of cancer site of the index case, were at higher risk for breast cancer than for ovarian cancer. After age 50, breast cancer risk remained higher than ovarian cancer risk among relatives of index cases with breast cancer (Fig. 1 A and C) , but ovarian cancer risk was higher than breast cancer risk among relatives of ovarian cancer index cases ( Fig. 1 B and D) . Hazard ratios summarizing these comparisons are indicated in Table 2 . Effects of cancer site of the index cases were similar for relatives with BRCA1 or BRCA2 mutations. Effects of cancer site in the index case were significant for women with mutations in either BRCA1 or BRCA2 and for risks of either breast cancer or ovarian cancer. It is particularly important to identify a subset of women at especially high risk of ovarian cancer, because ovarian cancer is more lethal than breast cancer and is less frequent in the general population. Being a carrier relative of an index case with ovarian cancer was associated both with absolute risk of ovarian cancer ( Fig. 1) and with increased risk of ovarian cancer vs. breast cancer both among families ascertained in consecutive series (HR ϭ 4.7, P ϭ 0.045) and among families ascertained at genetics clinics (HR ϭ 20.8, P ϭ 0.003). Indeed, among BRCA2 carriers who are relatives of index cases with ovarian cancer, the risk of breast cancer was no higher than the general population, whereas the risk of ovarian cancer was Ͼ0.80 by age 75 (Fig. 1D) .
We also investigated whether the cancer site effect could be an artifact of ascertainment or testing bias. That is, because we analyzed only carriers confirmed by molecular testing, would relatives with the same type of cancer as the index case more frequently consent to testing? To evaluate this possibility, we estimated risks based on all first-and second-degree relatives in the Israeli families, whether tested and not tested. Relatives who were not tested were assigned a Bayesian probability of being carriers based on their position in the pedigree, disease status, and age. The a priori probability was based on position in the pedigree (e.g., 0.5 for the first-degree relative of a known carrier), and the conditional probability was based on agespecific risks for breast and ovarian cancer among Israeli carriers in this study and age-specific rates of breast and ovarian cancer in the Israeli population (Israel Cancer Registry: www.health. gov.il͞icr͞; Statistical Abstract of Israel: http:͞͞www1.cbs.gov.il͞ reader͞shnatonenewsite.htm). This analysis also showed a significantly higher breast cancer risk for relatives of breast cancer index cases [HR ϭ 1.4, 95% confidence interval (C.I.) 1.0-2.0, P ϭ 0.05] and a significantly higher ovarian cancer risk for relatives of ovarian cancer index cases (HR ϭ 3.6, 95% C.I. 1.9-6.8, P Ͻ 0.001), suggesting that the effect of cancer site of the index case is not the result of a testing bias.
We also evaluated the effect of birth year on risks among carriers of BRCA1 and BRCA2 mutations. Birth cohort has been shown to be associated with breast cancer risk among women with BRCA1 or BRCA2 mutations, with higher risks among women born in later years (4-6). A very similar effect for breast cancer was observed in the Israeli subjects. For carriers of either BRCA1 or BRCA2 mutations, age-specific breast cancer risks and age-specific ovarian cancer risks were higher among women born in later years. We found that, for each later decade of birth, cancer risk increased 1.2-fold (P ϭ 0.03), controlled for mutation, ascertainment method, and cancer site of index case.
Discussion
The expression of any disease caused by mutations in a major gene may be modified, in principle, by other genes and by nongenetic factors. We suggest such effects for expression of breast and ovarian cancer among women with mutations in BRCA1 or BRCA2. Previous studies demonstrated that breast and ovarian cancer risks associated with mutations in BRCA1 and BRCA2 are high, as expected, for a monogenic Mendelian trait (3, 4, 7) . Furthermore, among women with mutations in these genes, risk may be modified by genetic or nongenetic factors.
The effect of birth cohort on cancer risk offers the most compelling indication of nongenetic influences on cancer risk among BRCA1 and BRCA2 carriers. In several cohorts, age-specific breast cancer risks associated with BRCA1 and BRCA2 have been shown to be higher among women born more recently (4, 5) . A similar effect has been observed for ovarian cancer risk among BRCA1 carriers (6). Our results confirm these observations.
The effect of cancer site in the index case on site-specific cancer risks among carrier relatives is most consistent with modifying genetic influences among BRCA1 and BRCA2 carriers. Familial clustering of site-specific cancer outcomes has been previously suggested for breast cancer based on family histories (5). In a small group of BRCA1 families ascertained through incident ovarian cancer, female relatives were at higher risk for ovarian cancer than for breast cancer (8) . Based on direct genotyping of relatives, we observed such clustering for both BRCA1 and BRCA2 carriers, and for both breast and ovarian cancer. The cancer site effect appears robust, having been observed among carriers from two different countries (Israel and the U.S.) and using different ascertainment schemes (referral cases and consecutive breast cancer index cases).
A familial cancer-site effect could theoretically result from either shared genetic modifiers or shared environmental risk factors. However, in multiple-generation families with recent immigration histories, like the families in this study, intrafamilial differences in environment are large even within one generation. Shared family environment is therefore less likely than shared genes to be responsible for familial clustering of cancer site, but nongenetic familial effects cannot be ruled out.
The effect of cancer in the index case can probably be generalized to families with other mutations in BRCA1, because the effect was similar in relatives with BRCA1.185delAG and relatives with BRCA1.5382insC. However, generalizing from families with BRCA2.6174delT to families with other BRCA2 mutations is more complex, because 6174delT is located in the 3.6-kb ''ovarian cancer cluster region'' (OCCR) of BRCA2 (9) . Women with mutations in this region of BRCA2 are at higher risk of ovarian cancer than are women with mutations in the 5Ј or 3Ј regions of the gene. An effect of ovarian cancer in the index case might be more detectable in families with mutations in the OCCR of BRCA2, and, in turn, such BRCA2 mutations might confer higher risk because of different interaction with modifiers.
Genes modifying breast or ovarian cancer risk due to BRCA1 and BRCA2 have been proposed (reviewed in ref. 10). Our results suggest that genetic modifiers would influence risks for either breast or ovarian cancer, but not both. Site-specific effects have been observed for several modifier genes. Rare alleles of the oncogene HRAS1 increase risk for ovarian cancer, but not breast cancer, among BRCA1 carriers (11) . A polymorphism in the 5Ј UTR of the RAD51 gene (135 G3C, rs1801320) increases risk for breast cancer, but not ovarian cancer, among BRCA2 carriers (12) (13) (14) . The magnitude of the RAD51 effect (HR ϭ 3.2-5.5) is consistent with that observed for breast cancer in relatives of breast cancer index cases. The length of the polyglutamine repeat of the androgen receptor has not consistently been associated with risk among BRCA1 carriers (15) (16) (17) , but studies reporting positive effects found opposite associations for breast and ovarian cancer, with long repeats associated with younger age at breast cancer diagnosis (18) and short repeats associated with younger age at ovarian cancer diagnosis (19) . The length of the polyglutamine repeat in the AIB1͞NCOA3 gene has been associated with younger age at breast cancer diagnosis among BRCA1 carriers, but did not affect ovarian cancer diagnosis (20, 21) . The magnitudes of effects due to cancer site in the index case are consistent with significant effects of genetic modifiers. Because such effects cluster in families, modifiers are most likely to be identified by using family-based studies, not only case-control designs.
Although the influence of cancer of an index case on relatives' risk of ovarian vs. breast cancer has been reported in other studies (5, 8) , the magnitude of the effect in this series is considerably greater than we anticipated. With the sample sizes of this study, confidence intervals are quite wide, so lower limits could reflect the biological effect in some populations. It will be interesting to learn whether effects are similar in populationbased studies, in populations with different background rates of breast and ovarian cancer, and for women with other BRCA2 mutations. Our results underscore the complexity of genetics for BRCA1-and BRCA2-associated cancers, as additional factors are found to influence risk. Clinical perception of risk among BRCA1 and BRCA2 carriers reflects an averaging of many families, which may have different risk profiles. In all carriers, breast cancer surveillance and͞or prevention are paramount in younger women (Ͻ50 yr). However, among BRCA2 carriers and all still-unaffected carriers identified at older ages, our results suggest that it may be justified to focus preventive measures more specifically on ovarian cancer or breast cancer, based on family history.
Materials and Methods
Israeli Subjects. The Israel Breast Cancer Genetics Consortium was formed to evaluate families known to harbor BRCA1 or BRCA2 mutations common in the Jewish population. Participating centers were Sheba Tel Hashomer, Sourasky-Ichilov, and Rabin-Beilinson Medical Centers in the Tel Aviv metropolitan area, Shaare Zedek Medical Center in Jerusalem, and Rambam Medical Center in Haifa. Together, these centers carry out most BRCA1 and BRCA2 testing in Israel. All participants gave written informed consent. The study was approved by the institutional review boards of each center and by the Israeli National Genetics Committee.
Index cases were female breast or ovarian cancer patients of Ashkenazi Jewish origin, found to carry one of the three ancient BRCA1 or BRCA2 mutations. Risk was evaluated among relatives of these index cases who also carried the familial mutation. Index cases and relatives were ascertained from January 1996 to December 2003. At all centers, pedigrees were drawn to include as many family members as possible. Relatives were contacted and asked to join the study. Clinical information collected for each participant included year of birth, age at last follow-up, age at cancer diagnoses, age at prophylactic oophorectomy, and age at prophylactic mastectomy.
Because there are only three common BRCA1 and BRCA2 mutations among Ashkenazi women with breast or ovarian cancer, screening these genes is more widespread in Israel than in the United States, and referral for cancer genetic counseling is not necessarily based on high-risk family history. Index cases in the series reported an average of 1.15 (SD 1.17) persons with breast or ovarian cancer among their mothers and sisters. Nonetheless, because ascertainment methods varied among centers, we assessed the impact of ascertainment on risk estimates by evaluating both the entire series of subjects (n ϭ 373) and the subset of subjects ascertained through incident cases regardless of family history (n ϭ 85). We also compared risks estimated from genotyped subjects with risks estimated from analyses of all family members, whether tested or not tested.
Genetic Analysis in Israeli Subjects. DNA was extracted from peripheral blood samples and tested as previously published for the three ancient mutations common in the Ashkenazi Jewish population: BRCA1.185delAG, BRCA1.5382insC, and BRCA2.6174delT (22) (23) (24) . Genotypes of relatives were determined either by direct genetic testing or by identifying obligate carriers based on family structure and relatives' genotypes.
New York Subjects. The NYBCS characterized risks of breast and ovarian cancer among women of Ashkenazi Jewish ancestry with mutations in BRCA1 or BRCA2 who were identified by means of index cases with breast cancer (4). Among families ascertained through index cases with breast cancer in Israel vs. New York, there was no interaction between the effect of cancer site on site-specific risks and country of residence (U.S. or Israel), and the magnitude of the effect was similar in Israeli and American families. Therefore, analyses of families ascertained by means of index cases with breast cancer included both relatives of index cases from Israel and relatives of index cases from New York, controlled for country of residence ( Table 1) . Details of ascertainment and genotyping of the NYBCS subjects have been previously published (4).
Statistical Analyses. Breast and ovarian cancer risks were estimated by using Kaplan-Meier survival and Cox proportional hazard regression (25) . Index cases were excluded from these analyses. Risks for unaffected women were censored at age of last follow-up, at prophylactic surgery, or at death, whichever came first. Risks for women with breast cancer were censored at age of breast cancer diagnosis. Risks for women with ovarian cancer were censored at age of ovarian cancer diagnosis. Combined risks of either breast or ovarian cancer were censored at age of first cancer diagnosis among affected women, and at age of last follow-up, prophylactic surgery, or death, whichever came first, among unaffected women. Hazard ratios for effects of cancer site in the index case were calculated by using Cox proportional regression, controlling for mutation, year of birth, country of residence, and ascertainment. The effect of birth cohort was analyzed by using Cox proportional regression controlling for mutation, cancer site in the index case, and ascertainment method, with birth year as the independent variable.
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